The use of a-and b-Keggin polyoxotungstates (POTs) substituted by a single first row transition metal ion (Co II , Ni II , Cu II , Zn II ) as superchaotropic crystallization additives led to covalent and noncovalent interactions with protein side-chains of proteinase K. Two major Keggin POT binding sites in proteinase K were identified, both stabilizing the orientation of the substituted metal site towards the protein surface and suggesting increased protein affinity for the substitution sites. The formation of all observed covalent bonds involves the same aspartate carboxylate, taking the role of a terminal oxygen with the Keggin a-isomer or even, in an unprecedented scenario, a bridging cluster oxygen with the b-isomer.
Polyoxometalates (POMs) are anionic molecular oxo-clusters comprising early transition metals, in particular V, Mo and W, in high oxidation states. Recently, biological applications of POMs have been gaining attention [1] [2] [3] and they were recognized for promising features aiding in protein crystallography. 4 In addition to stabilizing crystal contacts, POMs provide strong anomalous signals as key to the phase problem. 5 Thereby, they offer great potential for solving the X-ray structures of unknown proteins, as exploited in the famous example of the ribosomal subunits. 6, 7 In this case polyoxotungstates (POTs), and in about 30 others 4 POM clusters were mainly introduced to the protein crystals via POM soaking. It is worth mentioning that derivatization of ribosomal proteins with small heavy atom ammine-complexes outperformed POTs in terms of structural resolution. 8 However, when present in the crystallization drop from the start of the crystallization process, POTs can, besides acting as a phasing tool, promote the process of protein crystallization through the entropic gain of liberated hydration water 9 and by facilitating new crystal contacts. Thereby, formation of novel crystal types as well as increased resolution can be achieved due to a more ordered protein packing and reduced flexibility, as proven using the Anderson-Evans hexatungstotellurate [TeW 6 O 24 ] 6À (TEW) as a protein crystallization additive. 10 The success of TEW for protein crystallization served as an inspiration to investigate how the binding affinity of POTs towards proteins could be further increased beyond the interactions based on electronic polarization, purposefully aiming for the strongest interaction between two atoms: the covalent bond. A strong spatial fixation of POT clusters within the protein crystal by covalent attachment is highly advantageous to facilitate the localization of the anomalous W centers during anomalous phasing procedures, and crystal contacts can be stabilized more efficiently. To adapt the well-tried principle of metal immobilization 11 for the requirements of protein crystallography on a molecular level, the chemically robust and monodisperse polyoxometalate scaffold could serve as a highly soluble chelating ligand suitable for co-crystallization with proteins.
In the present study, the Keggin archetypes a-[PW 12 O 40 ] 3À 12,13 and b-[SiW 12 O 40 ] 4À 14,15 were chosen, which comprise a small POM scaffold allowing for substitution of outer shell addenda atoms (in this case: W) by transition metals, 16 lanthanides 17 and main group metal(loid)s. 18 The spherical Keggin structure also provides an alternative scaffold geometry potentially preferring binding sites different from the planar Anderson structure. The incorporated transition metal is exposed and equipped with a labile water-ligand, which is susceptible to exchange by a more favorable ligand such as a nucleophilic protein side-chain. Proteinase K (from Tritirachium album) 19 served as a wellcharacterized protein with a high ratio of positively charged side-chains (pI E 8.9 20 ) , which was expected to facilitate interactions with the POT polyanions ( Fig. S1 , ESI †).
The net charge of the mono-substituted Keggin clusters ( Fig. S2 11 Co] 6À ), against hydrolytic degradation from the acidic milieu up to the neutral pH range, 21 which is compatible with protein crystallization in the pH range from 4 to 7. The five Keggin anions (see Fig. S2 and Table S1 , ESI †) were synthesized according to literature procedures and experimentally confirmed by IR spectroscopy ( Fig. S3 and Table S2 , ESI †), TGA (Table S3 , ESI †), elemental analysis (Table S4 , ESI †) and ESI-MS (Table S5 , ESI †). The solution stability of phosphatecentered POTs was additionally verified by 31 P NMR 22 (Fig. S4  and Table S6 , ESI †), and protein stability in the presence of POMs was addressed by SDS-PAGE ( Fig. S11 , ESI †) and enzyme kinetics ( Fig. S12 , ESI †).
High resolution co-crystals of proteinase K and the Keggin anions (Table S7 , ESI †) were obtained by hanging drop vapor diffusion in acetate buffer pH 5.5 for a-[PW 11 M] 5À and in acetate buffer pH 4.5 with betaine for b-[SiW 11 Co] 6À , using (NH 4 ) 2 SO 4 as a precipitant. Two main Keggin POT interaction sites were identified on the surface of proteinase K (termed position 1, Fig. 1 , and position 2, Fig. 3 ). The polyanions substituted by Ni II and Co II formed a strong covalent bond to the carboxylate side-chain of aspartate D207 (average metal-O distance: 1.7 Å, position 1, Fig. 1 and Fig. S6 , ESI †) in vicinity to the conserved sulphate anion bound to R185. The observed 3d metal-oxygen distances for a-[PW 11 Co] 5À and a-[PW 11 Ni] 5À are slightly shorter than comparable distances reported before (Table S12 , ESI †), possibly due to additional carboxylate p-interactions with the metal. Three protein chains participated in this interaction site (cf. Fig. S7A , ESI †). While the carboxylate oxygen of D207 replaced the water ligand at the transition metal within the a-Keggin structures ( Fig. S2 , ESI †), the b-isomeric structure resulted in the substitution of the adjacent m 2 -O atom instead ( Fig. 2 ), suggesting a hepta-coordinating W-site. 23 In the Keggin b-isomer, b-[SiW 11 Co] 6À , one {W 3 O 12 } triad is rotated by 601, presenting the m 2 -bridging POT oxygen atom for bond formation with D207. The m 2 -O site linked to Co II is the most basic of the accessible oxygen atoms within the given POT framework 24 and most likely to be intermediately protonated in the acidic environment applied, thereby facilitating the observed condensation with the protein side-chain. Such a m 2 -O acylation reaction has been observed before with a selfactivating (carboxyethyl)tin-substituted Wells-Dawson POT. 25 Notably, the here-observed Co II -O bond length of 2.0 Å is consistent with the reported average range of 1.8-2.0 Å (Table S12 , ESI †), suggesting a predominant s-interaction of the carboxylate oxygen without significant p-participation. This supports the proposed binding scenario 26, 27 with a possible involvement of the non-bonding carboxylate p-system in binding to the tungsten center. The cluster b-[SiW 11 Co] 6À was also engaged in another covalent bond formation to the carboxylate of D165 (Co-O distance: 1.8 Å, cf. Fig. S9 , ESI †), mediating contacts to three protein molecules and emphasizing the strong propensity of Co II to bind carboxylate side-chains.
Interestingly, a-[PW 11 Cu] 5À and a-[PW 11 Zn] 5À were not observed at position 1, but shared the second main position close to residue S45 with the other three Keggin anions. In this position 2 (Fig. 3) , 11 Co] 5À (green), a-[PW 11 Ni] 5À (cyan) and b-[SiW 11 Co] 6À (magenta). W atoms are shown as small spheres and Co II or Ni II as large spheres. Metal atoms within a common plane are connected for direct structural comparison. no covalent bond between the protein and POT cluster was formed. All five Keggin clusters are rather coordinated by hydrogen bonds, mainly to the main-chain peptide backbone, and the aquo-ligand at the transition metal atom plays an important role to interconnect the POT anions with the surface hydration water molecules of the protein. This water ligand is not only an H-acceptor, but also an H-donor, which makes it a more flexible H-bonding moiety than the terminal H-accepting oxo-ligand usually present in unsubstituted Keggin anions. The five Keggin POTs at position 2 interact with two protein molecules within the crystal (cf. Fig. S7B, ESI †) . The structural isomer b-[SiW 11 Co] 6À adopted a slightly tilted orientation at position 2 (Fig. 3) when compared to the a-isomers to accommodate the water ligand at the very same position as found for those structures. The Cu II -and Zn II -substituted POT anions do not carry an aquo-ligand at the transition metal center based on our X-ray data, most likely due to their peculiar coordination chemistry and in line with the lack of observation of a covalent bond in position 1. The resulting reduced binding stability of these two compounds was reflected in overall lower POT occupancies as well as a reduced spatial fixation at position 2 (cf. Fig. S10 and Table S10, ESI †). With no preferential orientation and the transition metal site pointing away from the protein surface, a-[PW 11 Cu] 5À described a pathway sliding through the solvent channels in between the protein molecules.
The observed POT binding modes and affinities to the protein side-chains were further analyzed based on the following considerations. The basic nitrogen-bearing side-chains were fully protonated in the acidic crystallization milieu applied (pH 4.5-5.5), and the carboxylate groups presented the strongest available nucleophiles to bind to the exposed transition metals.
As the hardness of the metal(II) centers decreases within the series Co II 4 Ni II 4 Cu II 4 Zn II following the HSAB concept, their tendency to bind hard oxygen ligands such as carboxylates decreases. 28 In the same direction the preferred coordination geometry changes from octahedral to square planar, with increasing distortions due to the electronic configurations. 29 As Cu II and Zn II are electronically saturated within the pentadentate square pyramidal binding site of the Keggin POT lacuna, 30 they do not necessarily require a sixth ligand, so they hardly bind to protein side-chains in the given chemical environment (cf. Table S11, ESI †). In the crystal structures, the electron density of the Keggin POT anions was well-defined down to atomic scale (Fig. 3G) , and the strong anomalous signal of the tungsten atoms (Fig. 3H ) facilitated proper placement and orientation of the cluster structures in the model after molecular replacement (Table S7 , ESI †).
The first covalent attachment of a polyoxometalate cluster used as a crystallization additive was observed with the POT TEW, 31 which adopted a bent structure to accommodate the carboxylate oxygen atoms of an aspartate side-chain. The bond formation was presumably forced by the strong electrostatic interactions of TEW in the positively charged environment of the binding-site, and did not arise from a pronounced affinity of the saturated W atoms to the side-chain. The metal-O distances in this weak bond were considerably longer (2.4 Å) than the majority of bond lengths observed in this study (1.5-1.9 Å). Recently, a Zr-containing Keggin anion was co-crystallized with hen eggwhite lysozyme leading to a linkage of the cluster with a glutamine carboxamide, 32 a presumable complex intermediate previous to carboxamide hydrolysis triggered by the strongly Lewis-acidic Zr IV center. However, co-crystallizations of another transition-metal substituted POT of the Wells-Dawson archetype with lysozyme yielded only non-covalent complexes with the protein, and the substitution sites faced away from the protein surface with no preferential orientation. 33 In contrast, the Keggin POTs in this study surpassed mere electrostatic interactions with the protein surface.
These novel crystallization additives can be expected to stabilize flexible protein regions and to support strong crystal lattice interactions. The broad pH stability range of the selected POT anions facilitated their application as crystallization additives and phasing tools. Directed bond formation with proteins marks the next step in the development of universal POT crystallization additives for covalent cross-linking of protein molecules, and also stimulates further investigations of POT-protein interactions in other fields.
Experimental details can be found in the detailed SI document available online. The crystal structures obtained in this study are available from the Protein Data Bank (http://www.rcsb.org) as PDB entries 6RUG, 6RUH, 6RUK, 6RUN, 6RUW, 6RVE and 6RVG.
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